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Quartz c-axis fabrics are widely used to determine the shear plane in ductile shear zones, based upon an
assumption that the shear plane is perpendicular to both the central segment of quartz c-axis crossed
girdle and single girdle. In this paper the development of quartz c-axis fabric under simple-pure shear
deformation is simulated using the visco-plastic self-consistent (VPSC) model so as to re-examine this
assumption. In the case of no or weak dynamic recrystallization, the simulated crossed girdles have a
central segment perpendicular or nearly perpendicular to the maximum principal ﬁnite strain direction
(X) and the XY ﬁnite strain plane, and at a variable angle relative to the imposed kinematic framework
that is dependent on the modeled ﬂow vorticity and ﬁnite strain. These crossed girdles have a sym-
metrical skeleton with respect to the ﬁnite strain axes, regardless of the bulk strain and the kinematic
vorticity, and rotate in a way similar to the shear sense with increasing bulk strain ratio. The larger the
vorticity number the more asymmetrical their legs tend to be. In the case of strong dynamic recrystal-
lization and large bulk strain, under simple shear the crossed girdle switches into single girdles, sub-
perpendicular to the shear plane, by losing the weak legs. The numerical results in our models do not
conﬁrm the above-mentioned assumption.
© 2014 Elsevier Ltd. All rights reserved.1. Introduction
Ductile shear zones are perhaps one of the most efﬁcient
structures for absorbing strain in the middle and lower crust and
even deeper places where plastic deformation takes place (Ramsay
and Graham, 1970; Dewey, 1975). The non-coaxial deformation
characteristic of shear zones often leads to the development of
crystallographic preferred orientation (fabric) of minerals within
the zones, depending upon deformation mechanisms, dynamic
recrystallization, strain state, strain history, preexisting texture, and
other factors (Wenk and Christie, 1991; Schmid, 1994). This in turn
makes it possible to extract from fabric patterns precious infor-
mation about shear sense (Simpson and Schmid, 1983; Bouchez
et al., 1983; Schmid, 1994; Keller and Stipp, 2011), deformation
temperature (Kruhl, 1996, 1998; Law et al., 2004), and kinematic
vorticity (Passchier, 1983; Xypolias, 2010).x: þ86 20 85290130.Quartz is one of the most common rock-forming minerals in
the continental crust, and its plastic deformation and fabric have
received extensive attention. Fabric patterns observed in natural
quartzites are variable and somewhat complicated, and what
controls or affects most of their transitions is not well understood
(Wenk, 1985; Wenk and Christie, 1991; Schmid, 1994; Karato,
2008). However, the inﬂuence of deformation on the fabric
pattern has been recgonized and has found a range of applica-
tions in structural geology (Schmid and Casey, 1986). For
example, in the presence of basal <a> slip as the dominant slip
system, quartz c-axes appear in a cleft girdle under axial exten-
sion, in a small circle girdle under axial shortening, and in a
crossed girdle with symmetrical or asymmetrical legs under
plane coaxial or non-coaxial strain (Tullis, 1977; Tullis et al., 1973;
Lister and Hobbs, 1980; Dell'Angelo and Tullis, 1989; Gleason
et al., 1993). Crossed girdles may form initially and then switch
into a single girdle or even a single c-axis maximum, when dy-
namic recrystallization sets in and gradually increases with
increasing strain (Schmid and Casey, 1986; Law, 1990; Schmid,
1994; Stipp et al., 2002; Mancktelow and Pennacchioni, 2004;
Heilbronner and Tullis, 2006).
Table 1
Parameters of quartz slip systems in the models. The critical resolved shear stress
(CRSS) ratio is the ratio of the CRSS of a certain slip system to the CRSS of the basal
<c> slip system.
Slip systems n CSSR ratio
basal<a> {0001}<1 21 0> 3 1.0
prism<a> {101 0}<1 21 0> 3 2.0
prism<c> {101 0}<0001> 3 2.5
rhomb<a> {101 1}<1 21 0> 6 1.5
rhomb<cþa> {101 1}<11 23> 12 6.0
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regarding the development of quartz c-axis fabric in non-coaxial
deformation. One issue concerns the stability of the central
segment of the crossed girdle pattern with asymmetrical legs. Lister
and Hobbs (1980) was probably the ﬁrst to argue for an orthogonal
relationship between the crossed girdle and the imposed kinematic
framework (the shear direction) based on numerical results by using
the Taylor-Bishop-Hill (TBH)model. Later, inspection of quartz c-axis
patterns in many non-coaxially deformed quartzites made Vissers
(1989) believe in the perpendicularity to the shear plane of the
central segment and in the asymmetry of overall fabric, regardless of
the associated kinematic vorticity number and the bulk strain ratio.
Even though this viewpoint lacks a sound theoretical explanation, a
large number of structural geologists have taken it for granted while
using their measured fabric to determine the shear plane and, if the
strain ratio canbeobtained in someway, even thekinematic vorticity
number (Wallis, 1992, 1995; Xypolias, 2009). In practice, however,
thecentral segmentof thecrossedgirdle is sometimespoorlydeﬁned
or vague (Passchier, 1983). This perpendicularity does not hold in
some simulated crossed girdles (e.g., Etchecopar and Vasseur, 1987,
Fig. 18aeb; Jessell and Lister, 1990, Fig. 2b). Additionally, shear ex-
periments on quartzites or quartz analog (norcamphor) illustrated
that either the central fabric segment of the crossed girdle (e.g.,
Dell'AngeloandTullis,1989, Figs. 5b and f;HerweghandHandy,1996,
Fig. 2a; Herwegh et al., 1999, Fig. 2b; Heilbronner and Tullis, 2006,
Fig. 6) or the center of the small circle girdle (Tullis et al.,1973, Fig. 3)
maybeperpendicular to the grain shape foliation rather thanparallel
to the experimentally imposed shear plane.
Another issue is whether the shear plane controls the quartz c-
axis single girdle. Schmid and Casey (1986) proposed that the single
girdle developed in simple shear is perpendicular to the shear
plane. This perpendicularity seems to be reproduced by some nu-
merical simulations (Etchecopar and Vasseur, 1987; Jessell and
Lister, 1990). It has been found in many natural rocks (Carreras
and Garcia-Celma, 1982; Mainprice et al., 1986), but this is not al-
ways the case at all (Law et al., 1984; Tullis, 2002; Heilbronner and
Tullis, 2006; Law et al., 2010; Kilian et al., 2011).
The goal of this study is to re-examine the angular relationship
between the crossed or single girdle and the shear plane under
coaxial or non-coaxial deformation by use of numerical simulation.
The latest visco-plastic self-consistent (VPSC) model (version 7c) by
Lebensohn and Tome (2010) will be employed to simulate the
development of quartz fabrics under simple-pure shear deforma-
tion with or without dynamic recrystallization. As shown below,
the central segment of crossed girdle appears perpendicular to the
maximum principal ﬁnite strain direction rather than the imposed
shear plane, and the single girdle sub-perpendicular to the shear
plane.
2. VPSC model
Rock is a compact aggregate of crystal grains of one or more
phases. For the sake of simplicity in modeling, we assume that the
grains consist of one single phase and undergo homogeneous
deformation within each individual grain. In crystal plasticity the-
ory, this homogeneous deformation is completely accommodated
by diverse slips on a number of crystallographically deﬁned slip
systems in each grain. The activity of a certain slip system in the
grain is driven by the resolved shear stress t ¼ mijsij, where mij is
the symmetric Schmid tensor associated with the slip system, and
sij is the deviatoric stress. For a crystal aggregate, interaction be-
tween neighbor crystal grains is so complicated that simplifying
linkage in deformation of one crystal grain to others is further
required to meet the need of numerical modeling. Uniform strain
(Taylor, 1938) and uniform stress (Sachs, 1928) are twofundamental hypotheses for this requirement, and are regarded as
lower and upper bound approaches.
Unlike these hypotheses, the VPSC model allows the variation in
stress and strain rate of crystal grains. In the model, each grain is
considered as an object embedded in an inﬁnite homogeneous
equivalent medium. The medium's strain
P
and stress rate D are
theweighted averages of stress s and strain rate _ε of each individual
grain, respectively. They are related in the following expression
(Eshelby, 1957),
_εij  Dij ¼ mMijkl

skl 
X
kl

(1)
where m is a constant for the interaction of each individual grain to
the medium, and M is the interaction tensor, dependent upon the
grain shape and the rheological property of the aggregate. These
variables are iteratively solved for using a self-consistent algorithm
(Molinari et al., 1987).
Molinari et al. (1987) ﬁrst developed the VPSC code to study the
plasticity of metals, and Lebensohn and Tome (1993) extended it to
rock-forming minerals. The code has been applied to natural min-
erals such as ice (Castelnau et al., 1996a, 1996b; Lebensohn et al.,
2009), halite (Wenk et al., 1989b; Lebensohn et al., 2003), calcite
(Wenk et al., 1987; Lebensohn et al., 1998), quartz (Wenk et al.,
1989a) and olivine (Tommasi et al., 1999; Castelnau et al., 2008),
where dislocation creep predominates in plastic deformation.
Moreover, the VPSC modeling has been extended to deal with
dynamic recrystallization (e.g. Wenk et al., 1997; Beyerlein et al.,
2003; Keller and Stipp, 2011). In the model, dynamic recrystalli-
zation is involved by inclusion of a grain fragmentation subroutine
that divides a certain deformed grain whose ratio of the longest to
shortest axis reaches a critical value, into subgrains retaining its
crystallographic axes (Beyerlein et al., 2003). The critical ratio has a
default value of 5 but can be modiﬁed.3. Set-up
Both crossed girdle and single girdle of quartz c-axes are
generally considered as a representation of active slip systems,
mainly including basal <a>, prism <a> and rhomb <a> slip systems
(Passchier and Trouw, 2005; Heilbronner and Tullis, 2006). They
can be reproduced using numerical software that is based upon
crystal plasticity theory (Nemat-Nasser and Okinaka, 1996; De
Souza Neto et al., 2008). This can be done for crossed girdle fab-
rics when dynamic recrystallization is absent (Lister and Hobbs,
1980; Wenk et al., 1989a) and for single girdle fabrics when it is
(Etchecopar and Vasseur, 1987; Jessell and Lister, 1990). In the
micro-mechanical theory, the shear rate along a certain slip system
b is a function of the resolved shear stress on the slip system tb,
according to the viscoplastic law (Asaro and Needleman, 1985):
_gb ¼ _g0
 
tb
t
_b
!n
(2)
Table 2
Parameters of the ﬁve deformation paths considered in this paper. See the text for
explanation.
Schemes _ε _g Wk
1 0.05 0 0.00
2 0.025 0.029 0.50
3 0.015 0.034 0.75
4 0.01 0.041 0.90
5 0 0.05 1.00
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_ is
the critical resolved shear stress for the system. The chosen slip
systems and their parameters are listed Table 1. This model has the
same slip systems as Lister and Hobbs's (1980) model A andWenk's
(1989a) model a have but slightly differs in parameter assignment
from them. Mathematically, there may be numerous combinations
of slip systems with different parameter assignments that produce
a similar or identical fabric (Schmid, 1994). But, in the light of a
small number of slip systems in quartz, we believe that quartz c-
axis crossed girdles should have a limited parameter space. For
example, the basal <a> slip system is much easier to activate than
any of the prism or rhomb slip systems under greenschist facies
metamorphism, and prism <a> slip becomes easier under higher
facies metamorphic conditions.
Isochoric plane deformation is assumed in this study for
simplicity, although it is not a technical problem to deal with any
three-dimensional deformation. The deformation path is described
by the velocity gradient L in the following expression,
L ¼
2
4 _ε _g 00  _ε 0
0 0 0
3
5 (3)
where _ε is the pure shear strain rate and _g is the simple shear strain
rate. For a given deformation path, the non-coaxiality of deforma-
tion is described by the kinematic vorticity number Wk, according
to the expression (Tikoff and Fossen, 1995):Fig. 1. Lower hemisphere equal-area projections of 1000 quartz c-axes for Rxz ¼ 2, 4 and 6, an
kinematic vorticity. The solid line represents the shear plane, and the dashed line the maxi
path is demonstrated by graphic inserts on the top, with an NeS compression and an EeWWk ¼
_gﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃq (4)4 _ε2 þ _g2
Wk is in the range of 0 for pure shear to 1 for simple shear. In this
paper we consider ﬁve distinct deformation paths having a Wk of
0.00, 0.50, 0.75, 0.90 and 1.00, respectively (Table 2).
A large number of 1000 spherical quartz grains with random
crystallographic orientations are artiﬁcially generated as an initial
crystal aggregate for ﬁve different models (Table 2). Two schemes
are taken into account, without and with dynamic recrystallization.
The software is terminated at the 100th step in the former scheme
and at the 500th step in the latter scheme. In either scheme, each
step has an approximately equivalent strain increment 0.01. At each
step, the bulk strain ratio Rxz is calculated from the deformation
gradient, the velocity gradientmultiplied by the relative cumulative
time. For dynamic recrystallization, Beyerlein et al.'s (2003) grain
fragmentation treatment is applied in each run to any grain having
an aspect ratio of the longest to shortest axis of always above 8. This
ratio is a little smaller than 10, a value Keller and Stipp (2011) chose
for simulating crystallographic fabrics of quartz in a mylonite zone.
4. Results without dynamic recrystallization
Results obtained by the application of the VPSC code to the
previously established models without dynamic recrystallization
are shown in Figs. 1e6.
4.1. Fabric evolution
The quartz c-axes are evenly distributed in orientation space at
the start, as established in the models, and attain a stronger
preferred orientation as the bulk strain increases (Fig. 1). To
quantify the fabric evolution we use the eigenvalues (l1  l2  l3)
of the c-axis directional data (see Appendix 1). These parameters
seem valid for characterizing the overall concentration of these
data, when more complicated than a single cluster or a great circle.
In Fig. 3 the preferred orientation appears at a very small bulkd forWk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively. Rxz is bulk strain ratio, andWk is
mum principal strain direction (X) or the principal strain plane (XY). Each deformation
sinistral shear.
Fig. 2. Quartz a-axis fabrics for Rxz ¼ 2, 4 and 6, and for Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively. See the caption of Fig. 1 for more information.
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certain givenWk, l1 has a rapidly and then slowly increasing value,
and both l2 and l3 have a rapidly and then slowly decreasing value.
This transition appears to occur when Rxz is 4, indicating the
presence of a relatively stable fabric pattern after that bulk strainFig. 3. Variation of eigenvalues (li, i ¼ 1,2,3; l1  l2  l3) of directional matrix of the
calculated quartz c-axes with Rxz for Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively.value. In this pattern there exists a distinctive crossed girdle of
quartz c-axes, similar or identical to the ones predicted by Lister
et al. (1978) and Wenk et al. (1989a). The c-axes are more
concentrated in the legs and their intersections of the crossed gir-
dle (Fig. 1). The c-axis distribution in the legs of the crossed girdle is
in general symmetrical for pure shear and asymmetrical for general
or simple shear. However, the crossed girdle appears to have a
symmetrical skeleton, regardless of the strain paths. The symmetry
axis of the skeleton has a larger angle with respect to the north, in a
way consistent with the shear sense, when Wk becomes larger.Fig. 4. Variations of q (a) and 4 (b) with Rxz for Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00,
respectively. q is the angle between the symmetry axis and the shear plane the angle,
and 4 is between the symmetry axis and the maximum principal strain direction. Their
deﬁnitions are illustrated in the insert of (b).
Fig. 5. Lower hemisphere equal area projections of c-axis trajectories of 20 representative quartz grains in the models (Tables 1e2). Their initial orientations are represented by
spade symbols. They are displayed at every 10 steps by cross symbols.
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value with increasingWk (Fig. 3). That is to say, the entire fabric be-
comes somewhat less clustered with increasingWk. In the presence
of crossed girdle pattern, this de-clustering is ascribed to the asym-
metry of legs that has a strong tendency to increase withWk (Fig. 1).
4.2. Fabric rotation
As mentioned above, the c-axis crossed girdle rotates with
respect to the shear plane with increasing kinematic vorticity. A
similar phenomenon also exists for the associated a-axis fabrics
(Fig. 2). For general or simple shear, the crossed girdle has a sym-
metrical skeleton, and this symmetry axis coincides or approxi-
mately coincides with the middle line of the central segment of the
crossed girdle (Fig. 1). This permits the determination of the sym-
metry axis from the central segment, in the way described in Ap-
pendix 2, to examine the role byWk in revolving the crossed girdle.
The angle q between the symmetry axis and the shear plane
displays a strong tendency to decrease with increasing Wk,
although there exist some relatively large ﬂuctuations for Rxz < 1.5
(Fig. 4a). For pure shear (Wk ¼ 0), an end member where the
maximumeintermediate principal strain plane replaces the shear
plane, the symmetry axis remains nearly perpendicular to the
plane, or q z 90. For non-coaxial deformation, the angle is
evidently less than 90, and is a function of Wk and Rxz. It tends to
decrease with increasing Wk, but increase with increasing Rxz.
The angle 4 between the symmetry axis and the maximum
principal strain direction is close to 90 at low strains and tends to
decrease slightly with increasingWk and Rxz (Fig. 4b). This deviationFig. 6. Histogram of grains having different types of c-axis rotation for Rxz ¼ 6 and
Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively. These types are clockwise (C),
clockwise and then anti-clockwise (CA), anti-clockwise (A), anti-clockwise and then
clockwise (AC), and stationary (S).has a range width of about 4, so small that it might be neglected in
the light of the uncertainty in determining the symmetry axis.
Therefore, we strongly believe that both the symmetry axis and the
maximum principal strain direction are mutually perpendicular,
and that the c-axis crossed girdle rotates together with the bulk
strain ellipsoid, in contradiction to the popular viewpoint about the
perpendicularity of the symmetry axis to the shear plane (Vissers,
1989).
4.3. Trajectories
Displayed in Fig. 5 are the quartz c-axis trajectories of 20
selected crystal grains for different Wk. They are generally less
curved for pure shear than for general or simple shear. These grains
rotate along towards the apparently stable positions, the central
part and the legs of the crossed girdle, with increasing bulk strain.
Most of them seem to follow a great or small circle, and some
remain almost stationary.
According to the c-axis trajectories of the crystal grains, ﬁve
types of rotation with respect to the pole ﬁgure are recognized,
clockwise (C), clockwise and then anti-clockwise (CA), anti-
clockwise (A), anti-clockwise and then clockwise (AC), and sta-
tionary (S) (Fig. 6). Such rotation may be passive, active or both,
depending upon the interaction of the study grain to the medium,
as described in Eq. (1). For pure shear, neither CA grains nor AC
grains are observable, and C and A grains predominate, both having
an approximately similar frequency. With increasing Wk, the ratio
of A to C grain number increases from 1.0 to 10, and the percentage
of CA grains increases from 0 to 10%. These diverse rotations are
responsible for the deviation of the symmetry axis from the north
in the case of non-coaxial deformation.
4.4. Asymmetrical legs
The asymmetrical legs of the quartz c-axis crossed girdle are
frequently used to determine the sense of shear for non-coaxial
deformation (e.g., Behrmann and Platt, 1982; Passchier, 1983;
Vissers, 1989). As previously described, this fabric asymmetry de-
pends upon the kinematic vorticity, the bulk strain and dynamic
recrystallization. In order to quantify such an asymmetry, the legs
are automatically separated in the following procedure:
1) determine the symmetry axis and the central segment of a
certain crossed girdle using the method in Appendix 2,
2) exclude the central segment from the crossed girdle,
3) subdivide the rest by the symmetry axis into four parts, and
4) combine the diagonal parts into two respective legs, left and
right.
In the case of no dynamic recrystallization, both the legs have an
increasing number of crystal grains with increasing Rxz (Fig. 7). The
ratio of the number of grains in the left legs to the number of grains
Fig. 7. The number of crystal grains at the right and left parts of the fabric varies with
Rxz for Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively, in the absence of dynamic
recrystallization.
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with Rxz. It is roughly equal to 1 for pure shear but strongly tends to
increase with increasing Wk.
5. Results with dynamic recrystallization
Shown in Fig. 8 are results from applying the VPSC code to the
previous models with dynamic recrystallization. At the onset ofdynamic recrystallization, for general or simple shear the above-
mentioned quartz-c-axis distribution, or crossed girdle with a
symmetrical skeleton and a central segment perpendicular to the
maximumprincipal strain axis, almost remains at a bulk strain ratio
of 18, much larger than the prescribed aspect ratio 8, wheremost or
all of primary grains have undergone dynamic recrystallization. The
stability of the crossed girdle pattern persists over such a wide a
range of bulk strain that it might be an artifact of the grain frag-
mentation procedure that the code adopts. The investigation of this
effect is beyond the scope of this paper, and will not be considered
below.
Further increasing the bulk strain results in a gradual disap-
pearance of overall symmetrical crossed girdle in a way peculiar to
Wk (Fig. 8). The larger the bulk strain the more concentrated quartz
c-axes become. At the ﬁnal step or a bulk strain of 72, the quartz c-
axis fabric has two end members of point maxima, a crossed girdle
of very small size produced by convergence of its legs for pure shear
(Wk¼ 0) and a single girdle develops from a crossed girdle by losing
its weak legs for simple shear (Wk ¼ 1). The former end member is
perpendicular to the maximum principal ﬁnite strain direction (X),
and the latter end member is sub-perpendicular to the shear plane.
Besides, there are two subtle transitional fabric patterns under
general shear, a peripheral maximum for Wk ¼ 0.5 and 0.75 and a
kinked single girdle for Wk ¼ 0.9. Both appear at a small angle of
5e15 to the normal to the shear plane.
6. Discussion
One of the reasons for the above-mentioned fundamental
debate about quartz c-axis fabric is the gap between predictions
and observations. On the one hand, current numerical techniques,
although powerful, are still over-simpliﬁed in describing compli-
cated intra- and inter-crystalline deformation that produces or in-
volves the crystallographic re-orientation, growth, nucleation and/
or demise of each crystal grain (Schmid, 1994). On the other hand,
what controls natural and experimental deformation is not sufﬁ-
ciently known to be implemented into the modeling. However, our
numerical results help understand fabric evolution and shed some
light on the debate.
6.1. Comparisons
Quartz fabric has been simulated using numerical methods that
are based upon crystal plasticity theory, including the VPSC model
(Wenk et al., 1989a; Keller and Stipp, 2011) and the Taylor-Bishop-
Hill (TBH) model (Lister et al., 1978; Lister and Hobbs, 1980).
Methodologically, the VPSCmodel has a stronger dependence upon
the system of crystalline aggregate than the TBH model, and ap-
pears better in capturing the heterogeneity of deformation in
crystalline aggregate (Dawson, 2002). The VPSC model is able to
predict crossed girdles with a central segment perpendicular or
nearly perpendicular to the maximum principal ﬁnite strain di-
rection (X) in non-coaxial deformation in the presence of basal <a>
slip as the dominant slip system under no or weak dynamic
recrystallization (Wenk et al., 1989a, 1997, Fig. 9; this study). A
similar fabric is also reproduced using other numerical models such
as the geometrical model (Etchecopar and Vasseur, 1987,
Fig. 18aeb), the hybrid model (Jessell and Lister, 1990, Fig. 2b), and
the FLAC model (Zhang et al., 1994, Fig. 3c), but not using the TBH
model (Lister et al., 1978; Lister and Hobbs,1980) or the VPSCmodel
with a different parameter assignment (Keller and Stipp, 2011,
Figs. 4b). A similar transition of crossed girdle to single girdle is
present in results of other studies that consider dynamic recrys-
tallization either in a different way to the present approach, for
example, the geometrical model (Etchecopar and Vasseur, 1987,
Fig. 8. Quartz c-axis fabrics for Rxz ¼ 8, 18 and 72, and for Wk ¼ 0.00, 0.50, 0.75, 0.90 and 1.00, respectively, in the presence of dynamic recrystallization. See the caption of Fig. 1 for
further details.
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modiﬁed VPSC code (Wenk et al., 1989a, Fig. 7), or in the same way
as the present model, for example, the same code with a greatly
different parameter assignment (Keller and Stipp, 2011, Figs. 4a and
7). These calculated fabrics have a more or less comparable overall
feature, but comparing their subtleties proves difﬁcult or even
impossible, due to the difference in either numerical approach or
parameter assignment between them.
As we know, quartz c-axis crossed girdle patterns form in a
range of conditions that have basal<a> slip as the dominant system
and have a variable assignment of parameters. For this reason,
together with the uncertainty in deformation history and defor-
mation environment of the rocks, it is not yet easy to look for
natural fabrics comparable to our calculated fabrics. Law et al.'s
(1984, Figs. 8 and 15)measured fabrics in quartzites from theMoineFig. 9. Diagram showing the two-dimensional non-coaxial deformation of a single
crystal with an ellipsoidal shape in the theory of crystal plasticity (see Lister et al., 1978,
Fig. 3; Dommelen et al., 2000, Fig. 1; Karato, 2008, Fig. 14.8). Sets of solid lines within
the grain represent the traces of a certain slip on the section. u, u
0
and f are the bulk
rotation, the plasticity rotation of the grain due to crystalline slip and the rigid-body
rotation of the grain, respectively. D is the coaxial deformation of the grain.Thrust Zone are a good example for such a comparison. They found
that quartz c-axis fabrics evolve from a roughly homogeneous
distribution to a symmetrical crossed girdle upwards toward an
overlying imbricate thrust in the higher structural level, with the
increase in strain and dynamic recrystallization, and have a straight
single girdle in strongly strained quartzites from the lower struc-
tural level. This resembles the scenario in Figs. 1 and 8, as a whole.
However, the symmetrical crossed girdle was interpreted as an
indicator of coaxial deformation, and this will be discussed in the
following subsection.
Mancktelow (1987, Fig. 2) studied strained quartz veins from the
Simplon Fault. These veins have three types of quartz c-axis fabrics,
asymmetrical crossed girdle, and straight and kinked single girdles.
Both the crossed girdle and the kinked single girdle have a central
segment nearly perpendicular to the maximum principal ﬁnite
strain direction (X). These observations are in general identical to
our numerical results under non-coaxial deformation (Figs.1 and 8).
Mismatch between them is more apparent in the distribution of a-
axes. For example, there is a singlemaximum in the horizontal circle
in their results, indicative of rhomb <a> slip as another dominant
slip system, and at the origin in our results (Fig. 2). They argued a
simple shear origin for single girdle and a general shear origin for
asymmetrical crossed girdle, in no agreement with our results.
It is extremely helpful to compare the results of our numerical
models and analog experiments where deformation path and
deformation environment are well controlled. In simple-shearing
experiments made by Heilbronner and Tullis (2006, Fig. 6),
quartz c-axis fabric evolves from an asymmetrical crossed girdle
with a broad peripheral maximum to an inclined single girdle with
single girdle with two maxima and ﬁnally a fabric with one
maximum at the girdle center, indicative of a change of the
dominant slip system from basal <a> slip to prism <a> slip. Such a
scenario is partly or wholly observed in other experiments (e.g.
Tullis, 1977; Dell'Angelo and Tullis, 1989; Herwegh and Handy,
1996). Our models with an invariable dominant slip system are
only able to reproduce the early part of the scenario, a fabric
transition from crossed girdle to single girdle. In Fig. 8, this fabric
transition is a direct product of dynamic recrystallization and has
nothing to do with the switch of the dominant slip system and, as
G. Nie, Y. Shan / Journal of Structural Geology 66 (2014) 261e270268Garcia Celma (1983) discussed for a natural mylonite, the variation
in vorticity number of deformation path.
6.2. Overall symmetry of crossed girdle
There is a deep-rooted idea that quartz c-axis crossed girdle has
an asymmetrical skeleton with a central segment perpendicular to
the shear plane under non-coaxial deformation, and a symmetrical
skeleton with a central segment perpendicular to the maximum
principal strain axis under coaxial deformation (Vissers, 1989;
Schmid, 1994; Passchier and Trouw, 2005). In this light, the overall
symmetry of crossed girdle observed in a natural ductile shear zone
is related to localized coaxial deformation, as a result of strain par-
titioning in the zone (e.g. Law et al., 1984; Knipe and Law, 1987;
Krohe, 1990). However, as shown in this paper (Figs. 1 and 8), such
a fabric may develop under non-coaxial deformation in the case of
no or weak dynamic recrystallization. A similar phenomenon is also
observable in other numerical simulations (Etchecopar andVasseur,
1987, Fig. 18aeb; Jessell and Lister, 1990, Fig. 2b) and, less evidently,
in shear experiments on quartz (Dell'Angelo andTullis,1989, Figs. 5b
and f; Heilbronner and Tullis, 2006, Fig. 6) and on quartz analog
materials (Herwegh and Handy, 1996, Fig. 2a; Herwegh et al., 1999,
Fig. 2b). It is therefore suggested that the overall symmetry of the
crossed girdle pattern might not be a sole indicator of coaxial
deformation with or without dynamic recrystallization.
6.3. Central segment of crossed girdle
Another notion that our numerical results do not conﬁrm is
about the perpendicularity of the shear plane to the central
segment of quartz c-axis crossed girdle under non-coaxial defor-
mation (Vissers, 1989). The lack of availability of other good
markers in the ﬁeld means that this criterion is widely used to infer
the shear plane and also difﬁcult to validate. Supporters always
turn to the pioneering numerical work by Lister and Hobbs (1980)
who in fact did not strictly illustrate the perpendicularity in the
calculated fabrics, as done in this paper. In their results, with
increasing bulk strain, quartz c-axis fabric switches from a sym-
metrical crossed girdle to an asymmetrical crossed girdle with
respect to the ﬁnite strain ellipsoid, and the central segment is
nearly perpendicular to the maximum principal ﬁnite strain di-
rection at low strain but becomes vague at high strain (Lister and
Hobbs, 1980, Figs. 12e14). These differ slightly from our results.
Therefore, the use of the rule carries a risk, although the maximum
principal strain axis approaches the shear plane in a descending
angle with increasing bulk shear.
According to crystal plasticity theory (Nemat-NasserandOkinaka,
1996; De Souza Neto et al., 2008), the bulk rotation of a single crystal
grain u has two components, plasticity rotation u
0
due to crystalline
slip and rigid-body rotation of the grain f due to macroscopic
deformation (Fig. 9;Karato,2008,p. 263e264),u¼fþu0. Rigid-body
rotation is used to update the lattice preferred orientation after
deformation. The perpendicularity of the central segment to the
maximum principal strain axis means that the trajectories of c-axes
in the central segment seem to follow passive deformation or u
0 ¼ 0.
This phenomenon seems peculiar to the VPSCmodel but is absent in
the TBH model (e.g., Lister et al., 1978; Lister and Hobbs, 1980). It is
therefore probably ascribed to the interaction between the study
grains, although the mechanism is not understood.
7. Conclusions
Quartz c-axes measured in quartz mylonites have widely been
used to determine the orientation of the shear plane and even the
magnitude of the kinematic vorticity in the ductile shear zone.Behind these applications are unveriﬁed assumptions that both
quartz c-axis single girdle and the central segment of quartz c-axis
crossed girdle are perpendicular to the shear plane (Vissers, 1989;
Schmid, 1994). In order to re-examine these assumptions, the
development of quartz c-axis girdles under pure-simple shear
deformation were simulated using the visco-plastic self-consistent
(VPSC) model (Lebensohn and Tome, 2010).
In the case of no or weak dynamic recrystallization, the simu-
lated quartz c-axes show a crossed girdle distribution, and have a
symmetrical skeleton with respect to the bulk strain ellipsoid,
regardless of the bulk strain and the kinematic vorticity. For non-
coaxial deformation, the evolving crossed girdle synthetically ro-
tates with the same sense as the maximum principal strain axis (X)
or the XY plane in the imposed kinematic framework. It has
asymmetrical legs, and the degree of asymmetry, or the relative
difference between the numbers of crystal grains present in the
legs, has a strong tendency of increasing with the kinematic
vorticity. The central segment of the crossed girdle is perpendicular
to the maximum principal ﬁnite strain axis rather than the shear
plane, and is controlled by the bulk strain and the kinematic
vorticity. When dynamic recrystallization predominates, the over-
all symmetrical crossed girdle developed in simple shear gradually
loses its two weak legs, and ﬁnally becomes a single girdle sub-
perpendicular to the shear plane.
Our numerical results indicate that the strain ellipsoid controls
quartz c-axis crossed/single girdle in the absence/presence of dy-
namic recrystallization. They do not conﬁrm the above-mentioned
assumptions. Determining the shear plane from these quartz c-axis
fabrics in the ways is thus still theoretically risky, although the
angle between the maximum principal strain direction and the
shear plane decreases with increasing bulk strain.Acknowledgments
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1. The eigenvalue method
Woodcock (1977) developed the eigenvalue method to charac-
terize the overall distribution shape of directional data in orienta-
tion space. This method has been used to quantify fabric strength
(see Lisle, 1985; Vollmer, 1990). Let us have a set of m directional
data. Each has a unit vector P ¼ (x, y, z), where x, y and z are the
direction cosines of the datum in the Cartesian coordinate system.
The orientation tensor T, a symmetrical 3  3 matrix is deﬁned as
the average sum of cross product of each individual vector,
T ¼ 1
m
X
PiP
=
i ¼
1
m
2
64
P
x2i
P
xiyi
P
xiziP
yixi
P
y2i
P
yiziP
zixi
P
ziyi
P
z2i
3
75 (A1)
where P
0
is the transpose of P. The eigenvalues li (i ¼ 1,2,3;
l1  l2  l3) describe the overall distribution shape of the above
tensor, and their corresponding eigenvectors represent the prin-
cipal directions of the fabric ellipsoid (e.g., Abalos, 1997; Mauler
et al., 2001; Berth et al., 2010). For example, these directional
data are concentrated as a single cluster for l1z 1, and distributed
G. Nie, Y. Shan / Journal of Structural Geology 66 (2014) 261e270 269in or near a great circle girdle for l1z l2 > l3; l1z l2z l3z 1/3
when the data set is in a uniform distribution.
2. Determination of symmetry axis
An ideal crossed girdle has three parts, one central segment and
two legs at the sides. As previously described in this paper, the
symmetry axis of the crossed girdle skeleton is nearly parallel to the
trend of the central segment. Only the points of the central segment
are used in this paper to calculate the direction of the symmetry
axis, which avoids the effect of the asymmetry of the two legs. They
are obtained by counting on the stereogram the projections of c-
axes within a small circle centered at the origin and with a certain
radius, for example, 70% of the radius of the horizontal great circle
used in the paper (Fig. A1). Then, these three-dimensional points
are reduced into two-dimensional points that have their horizontal
directions. The above-mentioned method is applied to the reduced
points to solve for the eigenvectors and eigenvalues. The eigen-
vector in respect to the larger eigenvalue is the solution of the
symmetry axis.
This statistical method is more objective and more robust than
pre-existing methods, such as the leading edge method (Law et al.,
2013), that rely heavily upon visual appreciation. It is of practical
value in dealing with vague or diffusive central segments like those
in Fig. 1.Fig. A1. In the case whereWk ¼ 1 and Rxz ¼ 6 (Fig. 1), the angle between the symmetry
axis and the maximum principal strain direction 4 (a), the eigenvalues l1 and l2 (b),
and the number of crystal grains (c) of the central segment deﬁned by a certain
assigned circle with a varying relative radius to the horizontal great circle. Crossed
girdle appears well developed at the chosen bulk strain. The relative radius seems to
have a critical value 0.7, at or near which both the angle and the eigenvalues vary
greatly. It is perhaps the best divide that visually separates the central segment and the
legs. See the text for more explanation.References
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